The insula is uniquely located between the temporal and parietal cortices, making it anatomically well-positioned to act as an integrating center between the sensory and affective domains for the processing of painful stimulation. This can be studied through resting-state functional connectivity (fcMRI) imaging; however, the lack of a clear methodology for the analysis of fcMRI complicates the interpretation of this data during acute pain. Detected connectivity changes may reflect actual alterations in lowfrequency synchronous neuronal activity related to pain, may be due to changes in global cerebral blood flow, or may be due to the superimposed task-induced neuronal activity. The primary goal of this study was to investigate the effects of global signal regression (GSR) and task paradigm regression (TPR) on the changes in functional connectivity of the left (contralateral) insula in healthy subjects at rest and during acute painful electric nerve stimulation of the right hand. The use of GSR reduced the size and statistical significance of connectivity clusters and created negative correlation coefficients for some connectivity clusters. TPR with cyclic stimulation gave Task vs Rest connectivity differences similar to those with a constant task, suggesting that analysis including TPR is more accurately reflective of low-frequency neuronal activity.
Introduction:
It is well known that the perception and processing of pain do not activate a single region of the brain; instead multiple overlapping networks are involved and often loosely termed the "pain matrix." (Peyron et al., 2000 , Apkarian et al., 2005 . While these overlapping networks are activated by a range of salient stimuli (Legrain et al., 2011) , they are typically divided into sensory processing components that include the primary (S1) and secondary (S2) somatosensory cortices and affective processing components focusing on the anterior cingulate (ACC), amygdala, and medial prefrontal cortices (MPFC) (Brooks and Tracey, 2005) . The insula, however, is uniquely located between the temporal and parietal cortices, making it anatomically well-positioned to act as an integrating center between the sensory and affective domains (Wiech et al., 2014) .
Further, connectivity between the insula and other structures in the pain matrix has been described (Peltz et al., 2011) .
To probe insular connections and interactions, investigators have turned to functional connectivity magnetic resonance imaging (fcMRI). This technique analyzes the covariation of low frequency (< 0.1 Hz) oscillations in the MRI signal between brain areas.
These occur in an organized and coherent manner across brain areas that are functionally related , likely reflecting spontaneous neuronal activity, and are present at rest. This simplifies the experimental designsubjects only need to lie quietly in the scanner while the images are collected to determine restingstate functional connectivity. As such, resting-state fcMRI methodologies can more readily be used to study ongoing and chronic physiological states, such as chronic pain.
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However, the resulting descriptions of the function of the insula in such patients contain inconsistencies. For example, the insula (among other areas) had an increased connectivity to an organized set of areas known as the "default mode network" (DMN) at baseline in patients with chronic low back pain (Kornelsen et al., 2013; Loggia et al., 2013) and in fibromyalgia (Napadow et al., 2010) , whereas others found that insula to DMN connectivity at baseline was unchanged in complex regional pain syndrome (Bolwerk et al., 2013) .
Functional connectivity (FC) during acute pain processing has been studied as well.
Ichesco et al. (Ichesco et al., 2012) showed that patients with pain due to temporomandibular disorder had an increased connectivity between the insula and the ACC both at rest and during an experimental heat pain task when compared to normal controls, but also showed that patients with higher clinical pain had less insula to ACC connectivity. In pediatric patients with complex regional pain syndrome, painful cold stimulation of the affected limb showed a general pattern of increased functional connectivity between multiple seed regions and the rest of the brain, however there were no differences in insula connectivity during stimulation of the affected limb when compared to the unaffected limb (Linnman et al., 2013) .
Part of the issue with studies investigating insular connectivity is that the insula appears to be divided into distinct subdivisions with different resting-state functional connectivities (Taylor et al., 2009) , responsible for different aspects of pain processing (Wiech et al., 2014) . Further complicating the interpretation of the above studies is the 6 6 lack of a clear methodology for the analysis of FC. This is especially true during task performance, where detected connectivity changes may reflect actual alterations in synaptic/nerve activity related to pain, may be due to changes in global cerebral blood flow (CBF), or may be due to the superimposed task-induced neuronal activity.
Furthermore, each of the above studies varied considerably in their approach to preprocessing and connectivity analysis, especially with regards to two issues: global signal regression (GSR) and task-induced MRI signal changes. In GSR, a time course consisting of the MRI signal averaged across each 3-D brain volume is used as a regressor of no interest. By doing so, GSR increases the contrast-to-noise ratio of the fcMRI signal at the expense of introducing "anti-correlation" into the data (Fox et al., 2009; Van Dijk et al., 2010) . These anti-correlations may complicate the interpretation of comparisons between resting state and active task fcMRI data, as areas that did not appear to be correlated in either initial condition could be significant in a difference map.
Likewise, the superposition of task-induced MRI signal changes on top of the connectivity-related spontaneous oscillations in the task-activated areas may not be fully corrected by low pass filtering, corrupting the connectivity changes that may occur during task performance. Task paradigm regression (TPR) has been suggested as a means of correcting this; assuming linear superposition of the task and connectivity signals suggests that removing the taskinduced changes through regression could then allow for more precise identification of the connectivity signal. This article has been peer-reviewed and accepted for publication, but has yet to undergo copyediting and proof correction. The final published version may differ from this proof.
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The primary goal of this study was to investigate the effects of GSR and TPR on the changes in functional connectivity of the insula in healthy subjects at rest and during acute pain stimulation. We hypothesized that GSR would modify statistical connectivity maps in two ways: decreased strength and extent of areas showing positive correlation to the seed region and the emergence of areas with negative seed-correlation.
Additionally, the effectiveness of low-pass filtering at eliminating task-induced signal changes was assessed, because TPR would only be necessary if low-pass filtering alone was insufficient. We hypothesized that TPR would make the pain versus rest connectivity difference calculated during a cyclic pain task more closely resemble the maps obtained during sustained pain. Experimental pain stimulation in healthy volunteers was used, as a recent review suggests that different chronic pain conditions show unique connectivity patterns (Apkarian et al., 2011) and this could confound our results.
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Methods

Subjects
This study's protocol was approved by the University of Pittsburgh institutional review board and complies with all relevant recommendations for responsible research.
Fifteen healthy right-handed adult subjects (11 male) between 18 and 50 were enrolled in this study. Subjects were screened for any contraindications to MRI, as well as exclusion criteria that included current pregnancy or prescription medication use, history of current acute or chronic pain, and history of illicit substance use. An investigation of the temporal dynamics of the MRI signal using a portion of the data collected for this study has already been described (Ibinson and Vogt, 2013) .
Painful Stimulus Paradigm
Transcutaneous electric nerve stimulation (ENS) was used as the experimental pain stimulus, as described previously (Ibinson and Vogt, 2013) . Briefly, electrodes were placed on the lateral aspect of the subject's right index finger straddling the proximal interphalangeal joint. This location allowed for sensory fiber stimulation without the movement associated with motor fiber activation. The nerve stimulator (EzStim II; Life Tech, Stafford, TX, USA) was connected to the electrodes via twisted-pair shielded lead wires that passed through an RF-filtering penetration panel into the scanner room. A 100 Hz stimulation waveform was used (tetanic setting on the nerve stimulator) and the current flow was individualized for each subject to a subjective pain intensity rating of 7/10. The numerical pain scale was explained to subjects as ranging from 0 to 10, with anchors of 0 being "no pain" and 10 as "highest pain imaginable". Once adjusted, this 9 current level (average ± standard deviation of 19 ± 12 mA for all subjects included in the final analysis) was used continuously throughout all pain stimulation periods as described below; each individual's amplitude and frequency were not varied once stimulation began.
The experiment involved two periods, with imaging occurring continuously throughout the experiment. Scanning began with a 3.5 minute resting-state scan, the data from which is labeled Rest throughout the remainder of the manuscript. Next came the stimulation period, referred to as Cyclic Pain, which involved alternating between 30 s periods of painful ENS and 30 s of rest in the block-design on/off pattern typical of taskbased blood oxygen-level dependent (BOLD) functional MRI (FMRI) experiments. Four pain periods were included in Cyclic Pain, for a total of 4.5 min and an overall experiment time of 8 minutes. The order of Rest and Cyclic Pain was not counterbalanced across subjects in order to prevent effects from pain from lingering into the Rest period.
As will be described below, the TPR comparison required the introduction of a Tonic
Pain task that consisted of a single, continuous painful stimulation 2 minutes in duration.
The order of delivery of the Cyclic and Tonic Pain tasks was not randomized, however, they were separated by a four minute rest period which has previously been shown to prevent any confounding/carryover effects (Ibinson et al., 2004) . 
Scanning Protocol
Global Signal Regression Analysis
For the analysis of GSR, the 4-D non-brain extraction (using BET (Smith, 2002) ) was immediately followed by the determination of the global signal (calculated as the mean of all non-zero voxels in each image volume). Motion correction was then conducted with MCFLIRT (Jenkinson et al., 2002) . This step was followed by spatial smoothing using a Gaussian kernel of full-width at half maximum of 6 mm and low pass filtering used a Gaussian filter with a sigma of 2.8 s.
The signal from the posterior portion of left insula (contralateral to the stimulus) was extracted for use as the functional connectivity seed region. This was identified based on the location of activation detected in a previously reported task-based analysis of the Cyclic Pain data (Ibinson and Vogt, 2013) . The center of mass of this activation cluster in the Montreal Neurological Institute (MNI) standard space brain (voxel coordinates = 65, 62, 42, with zeroed image origin) was used as the center for a 6 mm radius spherical region of interest (ROI). This posterior insula ROI mask was transformed and back-projected into the lower resolution (native) coordinate space of the individual subject's functional images using the registration matrices from FLIRT, and the average ROI signal intensity time courses for each subject were then extracted for use as the seed time course.
After FILM pre-whitening was applied, two models were then tested using FEAT version 5.98: i) the insula time course as the main effect of interest with the six motion parameters and the global mean signal added as effects of no interest (the "With GSR" model), and ii) a model that did not include the global mean signal ("Without GSR").
Comparisons between these models demonstrate the effect of GSR. Although GSR models with and without TPR were initially tested, both models here used TPR since results presented below suggest that TPR use is needed.
Task Paradigm Regression Analysis
Similar steps were used for the analysis of the effect of TPR on the pain connectivity maps. Brain extraction, motion correction, spatial smoothing, global signal extraction, This article has been peer-reviewed and accepted for publication, but has yet to undergo copyediting and proof correction. The final published version may differ from this proof.
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and insula time course extraction were carried out as described above. Two additional models were then tested after pre-whitening: iii) the Only-TPR model using the insula time course as the main effect of interest with the six motion parameters, the global mean signal, and the Task Paradigm (convolved with a gamma hemodynamic response function) as effects of no interest in data that was not low-pass filtered, and iv) the Low Pass + TPR model that included low-pass filtering as defined above in the preprocessing in addition to the other effects of no interest.
Comparison of the above two models (iii and iv above) would isolate the effect of lowpass filtering on task paradigm regression, however information on the appropriateness of this step required the use of an additional pain task with no task-related signal change. The Tonic Pain task described above was used to provide an active condition that would not have the abrupt signal changes in activate areas expected from a cyclic task.
Group Functional Map Analysis
For all group analyses, individual subject's BOLD functional images were registered first to their high-resolution structural image and then to the MNI standard brain using linear registration with MCFLIRT. A paired t-test analysis was used to determine differences between the Rest and Cyclic Pain data sets. Because of the relatively small sample size and the inherent variability in pain-induced brain activation (Mayhew et al., 2013) , a fixed effects model was used. Significant results are displayed with cluster thresholding at Z > 4 with a significance of P=0.0001 (Worsley, 2001) , except as otherwise noted. This article has been peer-reviewed and accepted for publication, but has yet to undergo copyediting and proof correction. The final published version may differ from this proof.
Results
The rotational and translational motion reports from registration in MCFLIRT were examined, and it was noted that Subject 1 moved over 1 mm in a stimulus-correlated manner (further analysis showed this subject had activation maps that could not be interpreted). As a result, this subject was excluded from further analysis. None of the remaining subjects showed excessive or stimulus-correlated motion, nor had other issues with data quality.
Effect of Global Signal Regression
Without With GSR, several key differences can be readily observed in Figure 2 , which is thresholded at Z > 4. First, the overall specificity of the correlation map is increased.
Thresholding the non-GSR images of Figure 1 with Z-scores in the 10 to 25 range can in S1, S2, and bilateral insula. One notable difference, however, is that Cyclic Pain does not possess the positive insula-to-ACC correlation found in Rest.
Interestingly, when the With-GSR Rest and Pain maps are statistically compared, several key differences arise that were not appreciated in the non-GSR comparisons.
The premotor, S1, ACC, S2, and bilateral insula cortices show positive correlations to the contralateral (left) insula seed region that are greater during Rest. Because of the negative correlation to the insular seed seen for both the PCC and the cerebellum in Rest, with no significant anti-correlation seen in the corresponding brain areas during pain, the Pain > Rest comparison maps show significantly greater correlation between these areas during pain processing in the Cyclic Pain task. 
Effect of Task Paradigm Regression
The next investigation was to determine if low pass temporal filtering was sufficient to remove task-induced signal change. Basic preprocessing consisted of motion correction, spatial smoothing, and low pass filtering as described in the methods. This article has been peer-reviewed and accepted for publication, but has yet to undergo copyediting and proof correction. The final published version may differ from this proof.
obvious task-induced activity. A typical example from one subject is shown visually in Figure 4 . Even after low pass filtering, stimulus-correlated MR signal increases can clearly be seen.
In the above analysis of the effect of global signal regression, the Cyclic Pain versus
Rest comparison was carried out using TPR. Cyclic Pain task was also analyzed with and without TPR, and difference maps between Cyclic Pain and Rest are shown in the first two columns of Figure 5 . Of particular interest is that areas typically activated in task-based studies of pain, including S1, S2, bilateral insula, and the ACC, all showed greater connectivity during pain processing than Rest when TPR was not used. With the inclusion of TPR, the opposite relationship is seen, suggesting task-induced changes affect correlation analyses. This article has been peer-reviewed and accepted for publication, but has yet to undergo copyediting and proof correction. The final published version may differ from this proof.
Discussion
In this study, we sought to investigate the effects of GSR and TPR on the analysis of insular functional connectivity changes between rest and acute experimental pain stimulation. Both GSR and TPR have been inconsistently applied to fcMRI analysis, but no direct comparison has been performed. We show that both GSR and TPR had an effect on the resulting connectivity maps, and are particularly impactful when comparing stimulation to rest, exemplified with experimental painful electrical nerve stimulation.
The use of GSR as a means of estimating and correcting for both physiologic and scanner (non-physiologic) noise has been investigated since the late 1990's, with many of the investigations discussing the appearance of anti-correlations after GSR has been applied. GSR creates a bell-shaped distribution of correlation coefficients centered on zero, thus mathematically resulting in negative correlations with statistical analysis (Murphy et al., 2009 ) and lower absolute value of correlation (Yeh et al., 2014) .
Obviously, knowledge of this transformation of the data must be used when interpreting GSR connectivity results. Additionally, GSR resulted in improved specificity of detection of connectivity, as evidenced by smaller, more discrete clusters of activation. However, investigators have shown that anti-correlations, especially between the DMN and the dorsal attention network, reflect biological processes as they are present in both component-based and GSR data (Chai et al., 2012) and these can exist prior to GSR (Fox et al., 2009) . In this study, we have heeded Van Dijk's suggestion to "not over- steps on the interpretation of Pain vs. Rest connectivity difference maps is the focus of this investigation. The importance of fully characterizing these anti-correlations with GSR is exemplified by examining the PCC. Looking at Figure 2 , there is negative correlation in the PCC at rest, but none in the PCC during pain. Without knowing that the PCC was an area with negative connectivity to the insula during rest (for example if only the positive connectivity map were displayed) with no correlation during acute pain, the Pain > Rest difference map would be puzzling. The Pain > Rest difference is shown to arise from a less negative correlation during pain by the COPE comparison in Figure   3 . The PCC's appearance as an area where correlation was greater during pain is due to the shift away from being strongly negatively correlated in the Rest task.
When TPR was used, the difference maps comparing the Cyclic Pain and the Tonic Pain tasks to Rest were comparable. Without TPR, the Cyclic Pain vs Rest map suggests a very different interpretation, with opposite findings in many areas. This is likely due to task-induced BOLD signal changes, which we have demonstrated are inadequately removed with low pass temporal filtering alone. In Figure 5 , the results show the striking difference in the comparison maps that occurs when TPR is used.
Assuming that the Tonic Pain task represents functional connectivity during pain processing without the contribution of task-related signal changes, the similarity between Tonic Pain and Cyclic Pain with TPR demonstrates that TPR is needed for fcMRI during task performance. That is, task versus rest connectivity difference maps can show drastically different results where task-induced changes continue to dominate the BOLD signal time course. This is likely to be the case in most fcMRI studies during This article has been peer-reviewed and accepted for publication, but has yet to undergo copyediting and proof correction. The final published version may differ from this proof.
task performance, as connectivity changes are expected to overlap with areas that have a strong task-induced BOLD response. Our results support the use of both GSR and TPR when analyzing functional connectivity changes during task performance, as well as the need to examine and present findings of negative connectivity for completeness when publishing results.
As mentioned in the introduction, determining functional connectivity during an experimental task is complicated by the superposition of the task-induced signal changes on the underlying low-frequency fluctuations interpreted as functional connectivity . Several approaches to account for this have been used. Assuming this superposition is linear (Fox et al., 2006 ), regression of the task signal out of the data could be expected to provide results that are easier to interpret. Arfanakis et al. (Arfanakis et al., 2000) showed that functional connectivity in areas not involved in the task were unaffected, and suggested that areas activated by the task could be used for functional connectivity when the task-induced changes were removed with independent component analysis. Fair et al. (Fair et al., 2007) tested this further by first using general linear modeling to remove the task-induced signal from an event-related paradigm and then analyzing the functional connectivity of the residuals.
They found that the residual method showed qualitatively similar results but differed from continuous data in several significant regions, leading us to directly regress the signal as part of the same model in this study.
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In terms of brain functional connectivity, our results suggest that the insular cortex contralateral to an experimental electrical pain stimulus exhibits decreased connectivity to the ACC, and increased connectivity to the PCC. Based on the PCC's prominence in the Default Mode Network (DMN), our results also suggest a possible increase in insular to DMN connectivity during acute pain. Only a few other studies have used fcMRI to study acute pain processing in healthy volunteers. Kim et al. (Kim et al., 2013) used a tonic painful pressure task to assess connectivity changes during pain, although they did not find connectivity differences with relation to the DMN between rest and pain. One possible explanation for the apparent difference in the DMN findings between their work and ours is our use of a seed based analysis, in contrast to an ICAbased approach for network identification. Due to their model-free design, ICA approaches are able to identify significant signal fluctuations that occur over the course of a scanning session in an exploratory fashion (Beckmann et al., 2005) at the expense of specificity in hypothesis definition. Since we were focused on pre-processing effects on functional connectivity, we needed to ensure a consistent approach between analysis techniques and across three data sets, thus a seed-based technique was required.
The key finding of Kim et al. is that their experimental painful stimulus altered the functional connectivity between the salience network (which includes the ACC and the insula) and S1. Further, there was a specific suggestion that the right anterior insula is the key to these changes when analyzing their data with an S1-seed based algorithm.
Our data supports this parcellation of processing within distinct regions of the insula. In Page 20 of 39
another study, using a cyclic heat pain task, Peltz et al. (Peltz et al., 2011) showed that the insula is divided into anterior and posterior regions that possess different functional connectivity characteristics. Our insula seed region occupies a more posterior position relative to that of Kim et al.; since Peltz et al. describe differential somatosensory connectivity when comparing the posterior and anterior insula, our results seem compatible. Future investigations of insular connectivity will likely require precise specification in regards to anterior/posterior positioning.
One limitation of our study is the relatively short scanning times of 3.5 min for the resting state data and 4.5 min for the Cyclic and Tonic Pain data, since six minutes for resting state connectivity analyses has been postulated as being optimum (Van Dijk et al., 2010) . The 30s on/off cycle was chosen because it has been commonly used with ENS, is well characterized, and was felt to be a logical candidate as a cyclic stimulus to evaluate the effects of TPR. The 2 minute tonic stimulation was used to keep the overall length of the painful stimulation constant for the cyclic versus tonic comparison.
While the effect of longer scanning time is not certain, the agreement between our data and that of Kim et al. (Kim et al., 2013) , who used a six minute stimulus, suggests the differences would be small. Furthermore, the effect of the short scanning time is most likely an increase in noise within the data and a subsequent masking of small differences between the rest and task images. Thus, if this experiment was repeated with longer scanning times, the differences found within would likely hold, and other areas would be identified.
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Another limitation worth noting for TPR is that our chosen task was only investigated for a 30s ON-OFF paradigm, with total cycle period of 60 s. However, there could be an interaction between task period length and the relative effects that TPR and low-pass filtering would have on the data. Certainly, at faster cycling frequencies or shorter task periods, the low-pass filter can be set more aggressively, possibly changing the relative noise reduction from GSR and TPR. However, this does not necessarily imply that the need for TPR is obviated, as irregular and infrequent task-induced BOLD signal changes may still want to be considered independent of functional connectivity during task performance. As more investigators move towards event-related (and other more complex) experimental paradigms, it would be interesting to repeat our comparative analysis of the data processing pipeline for such datasets.
A final element of our implementation of TPR worth further discussion is our use of a gamma hemodynamic response function convolved with a boxcar design for the regressor, rather than the optimized multi-peak model discussed in a prior pain FMRI publication (Ibinson and Vogt, 2013) . The specific timings and relative amplitudes of the multiple peaks in that model varied across the brain (and likely would vary for different pain tasks), just as the BOLD hemodynamic response varies across the brain.
Therefore, to maintain generalizability, we chose the standard gamma function convolved boxcar model and found good agreement between the With-TPR Cyclic Pain and the Tonic Pain tasks, as hypothesized. While the sensitivity of TPR to small variations in the shape of the regressor should be investigated, we suspect that more specific models will not prove to be superior across the entire brain. However, if a study's goal was to focus on a specific area, then a multi-peak model for the BOLD response to pain should be considered.
Finally, an important limitation of the current study is its scope: one seed region (the left posterior insula) was analyzed at rest and during two durations of painful electric nerve stimulation. This area of the brain is clearly important in processing pain and other somatosensory stimuli (Peltz et al., 2011) . The diffuse connectivity for the posterior insula that we have shown and discussed suggests that our work may be generalizable to investigations of other brain areas. However, an exhaustive evaluation of multiple brain areas for multiple tasks was beyond the scope of this work. Our goal was to demonstrate the impact of several possible optimizations of an fcMRI analysis pipeline for an experimental pain dataset. Using our methods as a guide, investigators can determine the extent to which our results apply both to their own work and results found in the literature.
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Conclusions
We have demonstrated several key findings related to seed-based fcMRI analysis using the insular cortex contralateral to the stimulation for BOLD FMRI data acquired during rest and experimental pain stimulation. Use of GSR reduces the size and statistical significance of connectivity clusters. Further, GSR adjustment of the baseline MR signal creates negative correlation coefficients for some connectivity clusters. Exploring the presence and relative relationships of the negative correlations is particularly important when comparing connectivity between two data sets. We also demonstrated that regression of the task paradigm of a cyclic stimulation gave connectivity results similar to those with a constant task, suggesting that analysis including TPR is more accurately reflective of neuronal activity. Finally, Pain vs. Rest connectivity from the examined (posterior) portion of the insula contralateral to the stimulation showed increased connectivity to the PCC during pain and decreased connectivity to the ACC, S1, S2 and ipsilateral insula, consistent with prior studies. This work, in a modest number of healthy subjects, examined one brain area as the seed region for functional connectivity during pain as an experimental task. However, it provides a framework within which future investigators can critically analyze the effects of GSR and TPR on their own work and aid in interpreting the published works of others. This article has been peer-reviewed and accepted for publication, but has yet to undergo copyediting and proof correction. The final published version may differ from this proof. 
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